Ribulose bisphosphate carboxylase from Lemna minor resembles the structure reported for the enzyme from other plants. When grown in the light, the enzyme appears to undergo little or no degradation, as measured by a double-isotope method. This situation is similar to that reported for wheat and barley, but is unlike that reported for maize, where the enzyme degrades at the same rate as total protein. Prolonged periods of darkness usually induce leaf senescence, characterized by the rapid degradation of chlorophyll and protein, with ribulose bisphosphate carboxylase undergoing preferential degradation. In L. minor there is selective protein degradation in the dark, but chlorophyll and ribulose bisphosphate carboxylase are stable when fronds are kept in the darkness for up to 8 days. It appears that Lemna is not programmed to senesce, or at least that darkness does not induce senescence in Lemna. Although there is no evidence for in vivo degradation or modifilcation of ribulose bisphosphate carboxylase during prolonged periods of darkness, extracts from fronds which have been kept in the dark for periods in excess of 24 hours convert ribulose bisphosphate carboxylase to a more acidic form. The properties of the dark-induced system which acts on ribulose bisphosphate carboxylase, suggest that it may be a mixed function oxidase. The proposition that the selectivity of protein degradation is genetically determined, so that the rate at which a protein is degraded is determined by its charge or size, was tested for fronds grown in the light or maintained in the dark. There was no significant correlation between protein degradation and either charge or size, in light or dark.
A great deal of evidence has been marshaled to support the view that the key enzyme of photosynthesis, RuBPCase' (EC 4.1.1.39), undergoes little or no degradation prior to leaf senescence. The strongest evidence that RuBPCase does not degrade while it is being synthesized has been presented by Huffaker and his colleagues (19, 29) . The same group has shown that, during the dark-induced senescence of detached leaves of barley, the initial loss of protein is almost entirely due to the degradation of RuBPCase (28) . This behavior has also been observed in the dark-induced senescence of attached wheat leaves (37, 38) . The stability of RuBPCase prior to senescence, and its rapid degradation during senescence, has led to its classification as a leaf storage protein ( 19, 21) .
The pattern of protein degradation in maize leaves does not appear to follow that established for barley and wheat leaves. ' Abbreviations: RuBPCase, ribulose bisphosphate carboxylase; FPLC, fast protein liquid chromatography; PMSF, phenylmethylsulfonyl fluoride.
Simpson and collaborators (30, 31) have presented evidence that, under conditions in which the level ofRuBPCase protein remains constant, RuBPCase is degraded at approximately the same rate as other soluble maize leaf proteins. The discrepancies in the reported rates of degradation of RuBPCase may reflect species specific differences. Alternatively, the discrepancies may be due to the different methodologies used in the studies.
Although RuBPCase is relatively stable in illuminated leaves, it is reported to be rapidly degraded in the dark (16) . Darkness induces senescence in leaves, that is, a 'sequence of events concerned with cellular disassembly in the leaf' (32) . This programmed sequence of events is characterized by a loss of Chl and a loss of protein which is predominantly due to the degradation of RuBPCase (28, 37) . We have observed that when Lemna fronds are kept in darkness for periods up to, at least, 10 d they remain green. There is evidence that Chl can control the degradation of proteins with which it is associated in thylakoid membranes. Thus the apoprotein of the light harvesting complex is rapidly turned over in mutants of Hordeum vulgare which lack Chl b (5). On the other hand Chl degradation is not obligately synchronized with protein degradation, since a mutant ofFestuca pratensis, which lacks the capacity to degrade Chl, nevertheless degrades protein at the same rate as the control genotype (34) . It was thus of interest to compare protein degradation in Lemna kept in light and dark.
Problems of methodology are central to studies of protein degradation. In this paper we have used the double-label method of Arias et al. (2) to measure the relative rate of degradation of individual protein fractions. This widely used method has the advantage of ease and simplicity in operation, but gives relative rather than absolute values of degradation. The relative rate of protein degradation is expressed as the ratio P(o)/P(j), where P(o) is the radioactivity present in protein immediately after labeling with a radioactive amino acid and P(,) is the radioactivity remaining after time t. This ratio can readily be transformed to give the rate constant of degradation (KD) by means of the equation for first order decay KDt = ln(P(o)/P(,)).
Alternatively, degradation can be expressed as a half-life t(o. 5) t(O.5) = ln 2/KD.
For reasons presented in the "Discussion" we prefer to use the direct isotope ratio, rather than the logarithmic transform.
The double-label method (2) has been widely used to test the proposition that the half-life ofa protein is genetically determined and specified by its size and amino acid sequence. Evidence supporting the existence of a correlation between the physical properties of proteins (charge and size) and their rates of degradation has been reviewed by Goldberg and St. John (17) . A number of experiments, designed to test these correlations in plants, produced results broadly consistent with the general hypothesis (1, 10) . However, more recent experiments, employing different methods, have suggested that, if the correlations exist, they are at best weak (8, 9) . We have used FPLC and PAGE to improve the separation of proteins and report their use in testing the correlation between the physical properties of proteins and their rates of degradation when Lemna is maintained in light, and also in darkness. (2) . The modification is similar to that described by Dice et al. (12) for pea-stem sections and can be used in either steady-state conditions or in circumstances where physiological changes are occurring (15) . Data on protein degradation was obtained by labeling one batch of Lemna fronds with ['4C]leucine, the other with [3H]leucine for the same period of time. The3H-labeled fronds were washed in unlabeled growth medium, then divided into four approximately equal samples and transferred to four flasks. The number of fronds in each flask was counted and the fronds were allowed to grow in unlabeled growth medium for varying periods of time. The 14C-labeled fronds were harvested immediately after the labeling period and divided into four parts, in proportion to the number of 3H-labeled fronds in each of the four flasks. The four samples were frozen in liquid N2 and stored at -80C until required. The samples of the 3H-labeled fronds, after growth for varying periods of time, were mixed with the corresponding samples of 14C-labeled fronds. Soluble protein was extracted, fractionated and counted for14C and 3H.
MATERIALS AND METHODS
Extraction of Total Soluble Protein. Lemna fronds were frozen in liquid N2, then ground to a fine powder and extracted (2.5 ml perg fresh weight) in100 mM Tris-HCl buffer (pH 7.5) containing 1 mm PMSF. In the case of fronds kept in the dark, the extraction medium also contained 2 mm KCN and 2 mM EDTA to protect against the action of unspecific oxidases, which developed during prolonged darkness. The homogenate was squeezed through two layers of cheesecloth and clarified by centrifugation at 30 mM Tris-HCl buffer (pH 7.5); the flow rate was 0.5 ml/min and 0.5 ml fractions were collected. The marker proteins used were: bovine thyroglobulin (mol wt = 669,000), horse spleen ferritin (mol wt = 440,000), rabbit muscle aldolase (mol wt = 158,000), bovine heart malic dehydrogenase (mol wt = 70,000) and horse heart Cyt c (mol wt = 12,400). All of these proteins were detected by their A at 280 nm.
SDS-PAGE. A discontinuous system (23) was used for SDS-PAGE. Electrophoresis was performed in a 10% or 12.5% (w/v) acrylamide slab gel, according to the method described by Blose and Feramisco (6) . Samples were prepared for electrophoresis by boiling for 2 min in the presence of 1% SDS and 0.1 M DTT.
The proteins were stained with Coomassie brilliant blue R. The marker proteins used were: bovine milk a-lactalbumin (mol wt = 14,200), soybean trypsin inhibitor (mol wt = 20,100), bovine pancreas trypsinogen (PMSF treated, mol wt = 24,000), bovine erythrocyte carbonic anhydrase (mol wt =29,000), rabbit muscle glyceraldehyde-3-p dehydrogenase (subunit, mol wt = 36,000), egg albumin (mol wt = 45,000), bovine plasma albumin (mol wt = 66,000), rabbit muscle phosphorylase b (subunit, mol wt = 97,400), Escherichia coli ,3-galactosidase (subunit, mol wt = 116,000), and rabbit muscle myosin (subunit, mol wt = 205,000).
The radioactive protein bands were sliced and digested by the wet oxidation method (24) . The effect of the presence of HCl04/ H202, acrylamide, and Coomassie brilliant blue R on the 3H and "1C counts was checked and found to be negligible.
Assay of RuBPCase. RuBPCase from Lemna fronds grown under light was assayed by a modification of the method described by Lorimer et al. (25) . The enzyme was activated by incubation in 100 mm Tris-HCl buffer (pH 8.4), containing 10 mM MgCl2, 10 mM NaHCO3, and 5 mM DTT for 45 min at 35°C. The enzyme activity was measured in a 100 mm glycylglycine buffer (pH 8.0), containing 16 mM MgCl2, 1.6 mm DTT, 16 mM NaH'4C03 (3.7 MBq/mmol), and 1.2 mM D -ribulcse-1,5-bisphosphoric acid in 250 ,l volume at 25°C. The reaction was stopped after 30 s by addition of 0.2 ml 2 N HCl. The contents of the vials were evaporated to dryness, dissolved in water, and counted.
RuBPCase from fronds kept in darkness was prepared for assay in a different way, to protect against the action ofunspecific oxidases, that otherwise would have inactivated the enzyme during the preparation of the extract. Lemna fronds were extracted (2.5 ml/g fresh weight) in 100 mm Tris-HCl buffer (pH 8.1), containing 10 mM MgCl2, 10 mm NaHCO3, 10 mm DTT, 2 mm KCN, 2 mm EDTA, and 1 mM PMSF, centrifuged for 15 min, at l0,000g, 1IC, in a Micro-Haematocrit centrifuge (Hawksley, England), and left for about 1 h in ice to ensure the activation of the enzyme. The enzyme activity was then measured as described above.
Measurement of Radioactivity in Samples. Fractions from the anion exchange column were dissolved in Pico-Fluor 30 scintillant, whereas fractions from the gel filtration column were dissolved in Pico-Fluor 15. The reason for this choice is that, when Pico-Fluor 30 is used, the counting of 3H and "'C is not affected by the presence of NaCl, whereas when Pico-Fluor 15 was used, 3H and 14C counts were reduced by the presence of NaCl, with the effect on 3H counts being greater than on "'C counts. The digested protein bands from SDS-PAGE were dissolved in Pico- buffer, pH 7.5, and eluted with a gradient of NaCI; I ml fractions were collected.*: RuBPCase activity (,gmol "1C fixed-min' * fraction-'* 10).
Arrows: 1, RuBPCase; 2, nucleic acids, as judged by the A260/A280 ratio and the binding properties to the anion exchanger. B, The RuBPCase peak obtained in (A) was collected, made to 1% (w/v) SDS and 25 mm DTT, incubated for 30 min at 37°C, boiled for 2 min and loaded into the FPLC Superose 12 gel filtration column equilibrated with 100 mM Tris-HCl buffer (pH 7.5) containing 1% (w/v) SDS; 0.5 ml fractions were collected. Arrows: 3, RuBPCase large subunit; 4, RuBPCase small subunit; the other major peak is due to the elution of DTT. catalytic activity) corresponds to RuBPCase. The peak emerging at fraction 41 is identified as nucleic acid on the basis of its absorption spectrum. In some experiments a small amount of RuBPCase activity could be detected before the main peak was eluted-presumably due to limited proteolysis of RuBPCase.
A sample of the main protein peak (identified as RuBPCase in Fig. IA) was incubated with SDS (1% w/v) and DTT (25 mM) for 30 min at 37TC, then boiled for 2 min and, after cooling, was loaded into the FPLC Superose 12 gel filtration column, which had been previously equilibrated with Tris-HCl buffer (100 mm, pH 7.5) containing SDS (1% w/v). Elution of the column showed (Fig. 1B) Figure 2 , together with data from other experiments involving lower mol wt markers (see "Material and Methods") give the mol wt ofthe large subunit as 52 kD and that of the small subunit as 14 to 15 kD.
It was found that when 10% (w/v) acrylamide SDS-gels were used (results not shown), the small subunit of Lemna RuBPCase electrophoresed with the front. Similar behavior has also been observed with the enzyme from Thiobacillus intermedius, tobacco and rye (7) . When 12.5% (w/v) acrylamide SDS-gels were used we were able to resolve the small subunit of RuBPCase into a single electrophoretic species (Fig. 2) .
The RuBPCase isolated by ion exchange FPLC contains a number of impurities which can be seen in Figure 2 
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and was still present as a contaminant after the large subunit had been purified by gel filtration (Fig. 2, lane 4) . The small subunit of RuBPCase, purified by gel filtration, also contained an impurity which coincides with the large subunit and may represent the trailing edge of the large subunit peak, emerging from the gel filtration column.
On the basis of the L8S8 structure of higher plant RuBPCase, the molecular mass is estimated as 532 kD. In separate experiments, the molecular mass of the native RuBPCase was estimated by chromatography on a Superose 12 column as about 500 kD (Fig. 4) . (Fig. 3) . The basic proteins are not retained by the column and the more acidic proteins are eluted as the concentration of NaCl is increased. The data presented in Figure 3A constitutes a control, giving the noise level in the experiment.
With increasing periods of time, a trough in the ('4C/3H) ratio appears and increases (Fig. 3, A-D) . It should be noted that this trough, corresponding to the position of RuBPCase, is produced by increases in the ('4C/3H) ratio of those proteins which are either more acidic or more basic than RuBPCase. The ('4C/3H) ratio corresponding to the peak of RuBPCase does not change throughout the experiment, suggesting that there is no degradation of RuBPCase. On the other hand, the ('4C/3H) ratio increases for other proteins, particularly for one or more proteins emerging from the Mono Q column at the beginning ofthe NaCl gradient (fraction 12). However, there is no clear correlation between protein charge and the ('4C/3H) ratio which is an index of protein degradation.
Degradation ofLemna Proteins in Relation to Their Molecular Weight. Protein samples for each ofthe 4 times, were fractionated by FPLC on the Superose 12 column and 3H and 14C determined in each fraction (Fig. 4) . The "noise level" in this experiment is established by the control (Fig. 4A) . With increasing time, the increase in the ('4C/3H) ratio observed for many of the fractions indicates protein degradation, although this degradation does not appear to be correlated with the size of the proteins. The trough in ('4C/3H) ratio which appears to increase with time (Fig. 4, A-D) , corresponds to a mol wt of about 500 kD which is tentatively identified as RuBPCase.
Turnover of the RuBPCase Subunits. Samples from the RuBPCase peak separated on the Mono Q column for each time period, were taken and run in SDS-PAGE (12.5% w/v acrylamide). The protein bands corresponding to the subunits of Ru- Figure 5 for the subunits and the native enzyme.
Degradation of the Soluble Proteins of Lemna Kept in Darkness. Before starting the double-labeling experiments, the effect ofdarkness on the level of Chl and the activity of RuBPCase was determined over 6 d. The results presented in Figure 6 show that there was surprisingly little loss of Chl and after an initial fall there was no further decrease in RuBPCase activity. We are not sure whether or not the initial fall in RuBPCase activity was real or artifactual due to the necessity to limit the conditions employed to activate RuBPCase and so avoid the action of the oxidases induced by prolonged darkness.
Degradation ofLemna Proteins in Relation to Their Charge. Two batches of Lemna fronds were grown in complete medium (750 ml) containing either 1 The results of this experiment are shown in Figure 7 . The pattern of protein degradation in darkness is significantly different from that observed in the light. For example, protein or proteins which emerge from the Mono Q column at the beginning of the NaCl gradient are degraded more rapidly in light than in darkness, whereas the opposite behavior is found in the protein(s) which emerge from the column just before the RuBPCase peak. However, there was no clear correlation between protein charge and degradation in the dark, as previously noted forcontinuous light. A trough in the ('4C/3H) ratio corresponding to the RuBPCase peak suggests that this protein is degraded less rapidly than some of the proteins which are more acidic or more (Fig. 3) , were boiled for 2 min in the presence of SDS and DTT and subjected to electrophoresis in a 12.5% (w/v) acrylamide SDS-gel. The proteins were stained with Coomassie brilliant blue R, and the bands correspondent to the large and small subunits of RuBPCase were sliced and digested as described in "Materials and (Fig. 3) ; 0, relative rate of degradation of the soluble protein fraction (no. 12) fractionated by ion exchange chromatography, which seemed to be the one with the fastest degradation. B, 0, Relative rate of degradation of RuBPCase, partially purified by gel filtration (Fig. 4) . C, A and E, relative rates of degradation of RuBPCase large and small subunits respectively, partially purified by ion exchange chromatography and then separated by SDS-PAGE. A high ('4C/3H) ratio indicates a high rate ofdegradation. For each case, the straight line was obtained by linear regression, using the least squares method. Kendall's rank correlation coefficients were: 0.02 ford 4, 0.31 ford 6, and 0.14 ford 8. Figure 8B , confirming the conclusion from the (Fig. 7) Mono Q experiment that RuBPCase undergoes very little degradation during darkness.
Effect of Darkness on the Charge of RuBPCase Extracted from Lemna Fronds. In the experiments reported in this paper, extraction of protein from Lemna fronds which had been kept in darkness was made with a buffer solution containing 2 mM KCN and 2 mM EDTA. This method of extraction was used because an oxidase system which appears to be induced in darkness caused a large shift in the RuBPCase peak, when the proteins were fractionated by FPLC using the Mono Q column. The inclusion of KCN and EDTA in the extraction medium prevented this shift (Fig. 9) ('4C/3H) and to.5 and KD is not valid if amino acid recycling occurs (39) , and we have shown (1 1) that 50% of the leucine released during protein degradation undergoes recycling. Furthermore, growth which occurs during the chase period further distorts the relationship. Thus if a protein is synthesized but not degraded, then the radioactivity (3H) in that protein will increase during the chase, as 3H-amino acids released from other proteins are incorporated into that protein. Thus ('4C/3H)1e., will be less than (14C/3H)controi and KD will be negative.
Protein Turnover in Continuous Light. The double-labeling experiments show that in the chase period, the values of (14C/ 3H) vary from protein to protein, indicating that proteins turnover at different rates, generating a characteristic pattern of protein degradation. A protein fraction eluting at the beginning of the salt gradient (Fig. 3) appears to turnover particularly rapidly. Light stimulates the degradation of a 32 kD thylakoid protein which is the apoprotein of the secondary electron transport carrier on the reducing side of PSII (18, 22) . Unfortunately the techniques used in this work do not provide any identification of proteins beyond their charge and size.
The dominant feature of the pattern of protein degradation is the trough associated with RuBPCase. In general a trough will be generated by adjacent protein fractions degrading faster than RuBPCase so that the (14C/>H) values of the proteins on either side of RuBPCase are raised above (14C/3H)contro. However, the experiments show that (14C/3H), for RuBPCase is less than (14C/3H)con,rol. This implies that RuBPCase is not degraded and furthermore 3H-labeled amino acids released from other proteins undergoing degradation are incorporated into RuBPCase during the chase period.
The structure of RuBPCase isolated from Lemna appears essentially the same as that reported for the enzyme isolated from other leaves (27) . The lack of degradation of RuBPCase noted for Lemna has previously been reported in other C-3 species (19) , whereas in maize which happens to be a C-4 plant, RuBPCase appears to turnover in the light (31) . The possibility that RuBPCase turnover is fundamentally different in C-3 and C-4 plants deserves further experimentation. However, it should be noted that there is evidence that in field grown wheat Ru- 
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BPCase undergoes a diurnal cycle of protein turnover (26) , although the possibility that this is due to fluctuations in water stress cannot be ruled out.
The lack of turnover of RuBPCase means that the half-life of soluble proteins, other than RuBPCase, in Lemna must be about 3 d, compared to the average half-life of about 7 d reported for the total soluble proteins of Lemna growing under identical conditions (20) .
Protein Turnover in Continuous Dark. The ('4C/3H) ratio for RuBPCase is almost constant over 9 d of darkness, whereas some of the proteins-particularly those eluting from the Mono-Q column, just before RuBPCase are, as judged by the ('4C/3H) ratio, degraded much more rapidly. This stability of RuBPCase in Lemna which is manifest as a trough in the pattern of degradation (Fig. 7) , stands in marked contrast to the rapid degradation of RuBPCase which is usually associated with darkinduced senescence (28) . Chl, whose degradation is usually associated with dark-induced senescence, is also stable in Lemna for at least 9 d of darkness. Furthermore, the marked increase in activity of glutamate dehydrogenase which is associated with dark-induced senescence in other leaves (33) does not occur in Lemna (data not presented). We therefore conclude, that Lemna is not programmed to senesce, or at least that darkness does not induce senescence in Lemna.
One other feature concerning the stability of RuBPCase in darkness should be noted. When light grown Lemna fronds are extracted and the protein fractionated by ion exchange FPLC, RuBPCase appears as a single distinct peak. However, when fronds which have been maintained in darkness for 72 h are extracted and fractionated by FPLC (Fig. 9 ) the characteristic peak of RuBPCase is absent and a number of smaller peaks of protein emerge from the Mono-Q column at higher salt concentrations, suggesting that they are oxidized derivatives of RuBPCase. This shift in the position of the RuBPCase peak is inhibited by extracting the Lemna fronds in the presence of KCN (2 mM) and EDTA (2 mM). It thus appears likely that darkness induces a mixed function oxidase, which in extracts of Lemna can oxidize and inactivate RuBPCase. However, in vivo, the dark-induced oxidase does not attack RuBPCase-presumably due to compartmentation. The presence of the oxidase in extracts of dark grown fronds complicates the assay of RuBPCase, which requires preincubation of extracts with 10 mM MgCl2, 10 mM NaHCO3, and 5 mm DTT for 45 min at 35C. Since these conditions allow the dark-induced oxidase to oxidize RuBPCase, we have compromised by incubating the extracts of dark grown Lemna for 1 h in ice, and by including 2 mm KCN, 2 mm EDTA and 1 mM PMSF in the incubation mixture. The apparent fall and rise of RuBPCase activity over the 9 d period of darkness is, we believe, due to the induction of a mixed function oxidase during the first 48 h of darkness and its subsequent decline in activity during prolonged darkness (Fig. 6) .
Correlation of Protein Degradation with the Physical Properties of Proteins. The pattern of protein degradation in light and dark shows considerable heterogeneity in the rates at which individual proteins degrade. A number of studies (reviewed by Goldberg and St. John [171) have suggested that the half-lives of proteins are determined by the physical properties of the proteins rather than by the specificity of the proteolytic system. Most of the evidence supporting this general hypothesis has been obtained as correlates between in vivo rates of degradation, determined by the double-isotope method, and the physical properties of the proteins such as charge or size. The criterion on which a correlation has been claimed has usually been visual inspection of the data. It is difficult to define an adequate statistical treatment. A theoretical basis for the proposed linearity of the correlation between degradation and size can easily be advanced, but it is difficult to provide a basis for linearity in the correlation with charge. To (8) .
This lack of correlation contrasts with reports indicating a reasonably good correlation (10, 13, 14 We do not take the lack of correlation between a single property ofproteins and the rate of degradation as arguing against the proposition that protein degradation is genetically determined. Indeed if a number of factors, such as charge, size and the recently proposed N-end rule (4) contribute to the overall rate of protein degradation, a strong correlation between degradation and a single property is unlikely.
